The Shockley-Queisser model is a landmark in photovoltaic device analysis by defining an ideal situation as reference for actual solar cells. However, the model and its implications are easily misunderstood. Thus, we present a guide to help understand and avoid misinterpreting it. Focusing on the five assumptions, underlying the model, we define figures of merit to quantify how close real solar cells approach each of these assumptions.
Introduction
In 1961 Shockley and Queisser 1 (SQ) analyzed the limits of photovoltaic energy conversion, using the basic thermodynamic principle of detailed balance instead of phenomenological approaches, used earlier. [2] [3] [4] The final result of their analysis is commonly referred to as the 'SQlimit'. While arguably the most important theoretical contribution to photovoltaic energy conversion, the paper also relies on a highly idealized model for solar cells, using substantially simplifying assumptions. Therefore, only within the assumptions of their model (denoted the SQ-model in the following) does the term 'SQ-limit' make sense. In view of the emergence of promising new photovoltaic absorber materials and devices with very high efficiencies 5 with various claims of 'exceeding or approaching the SQ-limit', 6, 7 we will critically discuss the connection of the SQ-model to real world solar cells and will explain what 'close' to the SQmodel means.
First, we briefly describe the SQ-model in its initial form by illustrating its three fundamental steps, noting the energy losses associated with each of these. We then describe the five assumptions that are the essence of the model (Table 1) . Subsequently, we examine how each of these assumptions compares to more realistic situations, discuss experimentally measurable figures of merit (FoMs) and quantify how real-world solar cells differ from the ideal model, thereby providing guidelines for effective use of the SQ-model. Figure 1a shows the setting of the SQ-model in its original form. The solar cell interacts with the surroundings by exchanging light particles (photons) with the sun and with the ambient.
Description of SQ-model and its assumptions
Furthermore, the cell exchanges electrons with the external electrical circuit and heat with a temperature reservoir to maintain the cell temperature Tcell constant and equal to the ambient temperature Tamb, such that without solar irradiation cell and ambient are in thermodynamic equilibrium. We are not considering light concentration or a restriction of the angle of optical interaction of the cell with the ambient. With this setting we aim at a simple picture that, however, is compatible with more elaborate, thermodynamic descriptions of the solar cell working principles. [8] [9] [10] The photovoltaic absorber in the SQ-model is a semiconductor, described by two groups of electronic energy levels that extend throughout the material (cf. Fig. 1b ). The lower onecalled valence band, VB -is filled with electrons, while the upper one -the conduction band, CB -is initially empty. The energy difference between the edges EC and EV of the conduction and valence bands is the band gap energy Eg (Fig. 1b) . If sufficient energy is supplied, an electron can be promoted from VB to CB, leaving behind an empty state in the VB. The electron in the CB and the empty state in the VB (called hole) now behave as "free" charge carriers that can move in their respective bands (cf. Fig 1b) .
The solar radiation is described by photons with a distribution of energies, the solar spectrum (NB: while differing situations may require different solar spectra, the present analysis remains valid for any). Depending on their energy, these photons may have enough energy to create free electrons and holes. These electron-hole pairs, generated by photon absorption, can also annihilate themselves by releasing their energy in the form of photons (radiative recombination).
The interaction of the photon with the semiconductor and the photovoltaic action in the solar cell proceed in three stages (1-3, as sketched in Fig. 1b) , with relevant time-scales shown in Fig. 1c and Tab. 1.
(A -optical) absorption of a photon with creation of an electron-hole pair, (B -thermal) relaxation of this electron-hole pair towards EC and EV, (C -electronic) extraction of the electron and hole at two different contacts, or their radiative recombination followed by emission of a photon.
Note that the extraction of charge carriers at different contacts requires a built-in asymmetry that separates electrons from holes and that may be achieved electrostatically via a pn-junction. However, while the pn-junction is featured in the title of the original SQ paper and used for illustration purposes in Fig. 1b , it is by no means a necessary requirement for an efficient solar cell. 8, 11 Within the SQ-model, the three stages are defined by 5 assumptions:
OPTICAL: It is assumed that for impinging photons with photon energy E > Eg, the photon is absorbed, whereas for E < Eg photons do not interact with the solar cell at all (assumption 1),
i.e., the absorptivity A(E), a measure of the material's ability to absorb radiation, is a step function, 0 for E < Eg and 1 for E > Eg. Hence, the first energy loss is due to the solar cell's transparency for E < Eg. Also, absorption of a photon with E > Eg generates precisely one electron-hole pair that contributes to the short-circuit current JSC (assumption 2).
THERMAL:
The electron-hole pair loses (to the absorber material's lattice) all excess energy above Eg, i.e., the pair relaxes in sub ps timescales to the average energy of a thermalized electron-hole pair (in thermal equilibrium with the cell at ). The underlying assumption 3
is that in the solar cell all relaxed electron-hole pairs are at the same temperature .
ELECTRONIC: At this point, one of two things can happen to the electron-hole pair: Either the electron and the hole are collected at their respective contacts or they recombine radiatively by emission of a photon (this is the only allowed recombination mechanism, assumption 4). Note that for an actual recombination, the photon must be emitted to the ambient because reabsorption of the photon in the solar cell creates a new electron-hole pair and restarts the whole process from the beginning (photon recycling). 12 Both phenomena (recombination and extraction) occur typically on ns to µs timescales -collection usually being faster than recombination. Emission of photons from radiative recombination causes a photon flux, described by the product of the absorptivity and the black body spectrum of the solar cell. The connection between absorption and emission of a semiconductor is a result of the principle of detailed balance, which states that every microscopic process must have the same rate as its inverse process in thermal equilibrium. 13 Otherwise, thermal equilibrium could not be reached.
The SQ-theory, assumes that the rate constants derived from the principle of detailed balance for thermal equilibrium are also valid in the non-equilibrium situation. 8 The collection of photogenerated carriers implies that the solar cell has two different external contacts that can support an external voltage V and carry a current J. Assumption 5
states that each contact is ideal because each exchanges only one carrier type (electrons or holes) with the absorber (selective contact) and because it has negligible resistance.
Nevertheless, collection of the electron-hole pair implies that its total energy is reduced from the band gap energy Eg to qV, the electrical work of transferring a charge carrier between the contacts. We denote this loss of potential energy 'isothermal dissipation' as it generates heat in the solar cell without a change of the temperature of electrons and holes (unlike during thermalization) and the carriers do not recombine (unlike during radiative recombination). Note that this loss can be subdivided further into different reversible and non-reversible contributions. 10, 14 We have listed four energy loss mechanisms in the SQ-model in Table I and illustrated in Fig. 2a which also shows the maximum efficiency of 30 % (referring to a 5800 K black body solar spectrum, likewise a value of 33 % would hold for the more complex terrestrial spectrum) at an optimum band gap energy. 
Accounting for losses in real, single absorber solar cells
We now describe departures from the ideal SQ-model for real-world single junction solar cells by successively relaxing the 5 assumptions. Given that quantitatively accounting for the losses in a physically meaningful way becomes quite detailed and technical in parts we encourage the casual reader to jump directly to the "Consequences" section. characteristic, essential for an efficient photovoltaic device, is measured by the fill factor FF, the ratio of the electrical power Pmax at the maximum power point divided by the product JSCVOC. As long as equation 1 is valid, the fill factor -at a given temperature cell -is a welldefined, increasing, function of OC , i.e. = 0 ( OC ) (equation 6, Box).
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The SQ-model with assumptions 1-5 yields a short circuit current SC SQ ( g ) and a saturation current 0 SQ ( g ) that only depend on g (as material property). These two values determine the output power max SQ , for a given Tcell and a given solar spectrum, solely by g , as shown in Fig.   2a ). As discussed in the following, relaxing assumptions 1-5 leads to power losses by changes in one or more of the three parameters SC , 0 , Tcell and also to changes of the overall J-V shape as discussed in the following. The consequence of violating assumptions 1 and 2 of the SQ-model are best understood in terms of the external photovoltaic quantum efficiency e PV ( ), i.e., the probability that a photon of energy E, impinging on the cell, generates an electron-hole pair that, under short-circuit conditions, is extracted at the contacts. In general we have e PV ( ) < ( ) and it is easily understood that also this leads to reduction of the short circuit current.
Thus, violating assumptions 1 and 2 decreases the short circuit current from the ideal value SC SQ to the real value SC QE , determined by e PV ( ). Because of the reciprocity between e PV ( ) and the electroluminescence of a solar cell, 21 0 also changes to 0 QE (which still describes radiative loss to the ambient). It should be noted that the reciprocity applies to all optical absorbers, nanophotonic or not, so that this analysis is generally valid. This point is discussed in detail in ref. 22 .
Summarizing the loss resulting from assumptions 1 and 2, we use the ratios of short-circuit 24 and ~ 5% for lead-halide perovskite cells under operating conditions. 25 But many solar cells, including the ones based on crystalline Si, have e lum ≤ 1 % implying >120 mV VOC losses with respect to the radiative limit. We note that in the present analysis we have assumed that the so-called diode ideality factor for non-radiative recombination is unity (as for radiative recombination).
Violations of assumption 5, stating that electrons and holes can move freely everywhere in the absorber towards/from their electron (hole) contact are, in the simplest case, described by additional resistive elements in Fig. 1d , that change the shape of the JV-curve while hardly affecting SC and OC . As illustrated in Fig. 2c 20 However, a presentation of different loss terms based on an incomplete set of FoMs like Fig. 3 is already useful to identify strengths and weaknesses of different technologies with a precise reference to the SQ-case.
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JFG thanks the French program of "investment for the future" (ANR-IEED-002-0). DC thanks the Inst. PV d'Ile de France for a visiting professorship and the Ullmann family foundation (via the Weizmann Inst) for support. recombination (violation of assumption 4), is described by e lum , the ratio between the emitted radiation, 0 QE and the total recombination current 0 real . 5. The ratio FF res describes fill factor losses due to non-zero series resistance, low charge-carrier mobilities and finite parallel resistances, in violation of assumption 5. 
The open-circuit voltage results from solving eqn (1) for J = 0. With successive changes from the SQ-case to a real situation, the gain term decreases and the loss term 0 increases, such that OC decreases from the SQ-to its real solar cell-value. Here, q is the elementary charge.
The loss of open-circuit voltage between that of the real device and the SQmodel, is described by the product of three FoMs (cf. 
There is no analytical solution for the fill factor FF even in the simplest situation of an ideal diode. However, very precise approximate equations 16 provide a valid relation between FF0, the value without resistive losses, and VOC. 
